The predominant (> 90 %) low-molecular-mass polyphenol was isolated from the leaves of the resurrection plant Myrothamnus flabellifolius and identified to be 3,4,5 tri-O-galloylquinic acid using 1 H and 13 C one-and two-dimensional NMR spectroscopy. The structure was confirmed by mass spectrometric analysis. This compound was present at high concentrations, 44 % (by weight) in hydrated leaves and 74 % (by weight) in dehydrated leaves. Electron microscopy of leaf material fixed with glutaraldehyde and caffeine demonstrated that the polyphenols were localized in large vacuoles in both hydrated and dehydrated leaves. 3,4,5 Tri-O-galloylquinic acid was shown to stabilize an artificial membrane system, liposomes, against desiccation if the polyphenol concentration was between 1 and 2 μg/μg phospholipid. The phase transition of these liposomes observed at 46
INTRODUCTION
Certain species of plants have evolved the remarkable ability to survive regular periods of dehydration to an air-dry state [1] . These plants are collectively called resurrection plants and Southern Africa harbours a rich diversity of them [1] . Myrothamnus flabellifolius is one of the largest of these plants [2] and occurs in a vast area stretching from Namibia in the west, through Botswana, to Zimbabwe and the northern parts of South Africa in the east [3] . The plant grows between rocky outcrops with very shallow soils [4] and for approximately half of the year it exists in a dehydrated quiescent state [5] . It has been proposed that the leaves possess a high tannin content [6] . This correlates with the difficulty in performing molecular biological manipulations with nucleic acid extracts of this plant [7] as well as with reports that it is an important Southern African medicinal plant displaying anti-asthmatic properties [8] .
No detailed chemical analysis has been performed to elucidate the chemical structure(s) of the main polyphenol(s) present. In the present study, we report on the structure of the main polyphenol present in hydrated and dehydrated leaves of M. flabellifolius. In addition, we present data suggesting that this polyphenol protects the membranes against desiccation and also against free radical-induced damage.
METHODS

Plant material and dehydration/rehydration treatments
M. flabellifolius plants were collected near Outjo (Namibia) and from Vaalwater (Limpopo Province, South Africa). Whole plants from the latter location were transported to Cape Town and maintained in a glasshouse as described previously [9] . These were dehydrated by withholding water for approx. 2 weeks until the plants had reached an air-dry state, with approx. 12.5 % RWC (relative water content). Plants were maintained in the dry state for at least 2 weeks before rehydrating by soil watering. Leaves were sampled at various stages during dehydration and rehydration for treatments outlined below. Water content was determined gravimetrically by oven drying at 70
• C for 48 h and RWC was calculated as described previously [10] .
Polyphenol purification
Leaves (5 g) from dehydrated plants were ground to a fine powder and extracted using the serial reflux extraction at 60
• C with 100 ml of heptane (twice) followed by 70 % methanol (twice). The latter extracts were pooled to yield approx. 90 % of the total extractable UV absorbing material in this fraction. Preliminary preparative separation of the main polyphenols from M. flabellifolius was performed using isocratic cellulose column chromatography using 5 % acetic acid as the eluant. Selected column fractions were further purified using low-pressure liquid chromatography in 0.1 % TFA (trifluoroacetic acid) using Waters RP-C18 resin. Fractions were eluted using a linear gradient between 0.1 % TFA and 100 % acetonitrile and 0.1 % TFA for 40 min at a flow rate of 0.7 ml/min. Final purification was by preparative HPLC using a Higgins Analytical RP-C18 column and using the same buffer system but at a flow rate of 2.5 ml/min. Elution (Figure 1 ) yielded approx. 2 mg of an amorphous white powder (peak 1) after freeze-drying.
Analytical techniques
ESI (electrospray ionization) mass spectra were obtained using a Fisons VG Quattro mass spectrometer equipped with a triple quadropole analyser. Sample aliquots in 50 % acetonitrile were Abbreviations used: AAPH, 2,2 -azobis(2-amidino-propane) dihydrochloride; ESI, electrospray ionization; HMBC, heteronuclear mutliple bond correlation; HSQC, heteronuclear single-quantum coherence; MALDI-TOF, matrix-assisted laser-desorption ionization-time-of-flight; RT, reverse transcriptase; RWC, relative water content; TFA, trifluoroacetic acid. 1 To whom correspondence should be addressed (email Lindsey@Science.uct.ac.za). injected directly into the spectrometer, which was operated in negative-ion mode using a capillary voltage of − 2.7 kV and a cone voltage of 40 V. In-flight fragmentation was achieved using argon gas collision-induced fragmentation in the quadropole analyser. A collision energy of 13 eV and an argon collision gas pressure of 2 × 10 −3 bar were used. MALDI-TOF (matrix-assisted laser-desorption ionizationtime-of-flight) mass spectra were obtained using a Perseptive Biosystems DE-PRO MALDI mass spectrometer equipped with a TOF analyser. Sample aliquots (1 μl) in 50 % acetonitrile were mixed with 1 μl of 2,5 dihydroxybenzoic acid matrix and applied to the gold sample plate. The spectrometer was operated in positive-and negative-ion modes.
NMR spectra were acquired in 2 H 2 O and recorded at 300 K. 1 H-NMR spectra were obtained at 400 MHz using a Varian Unity 400 instrument. 13 C and two-dimensional NMR spectra were obtained at 300 MHz using a Varian Mercury 300 instrument. The HSQC (heteronuclear single-quantum coherence) spectroscopy experiment was optimized for J = 140 Hz. The HMBC (heteronuclear mutliple bond correlation) spectroscopy experiment was optimized for coupling constants of 6, 8 and 12 Hz. Spectra were processed using standard Varian software.
Lipid studies
Liposomes were prepared from phosphatidylcholine and cholesterol (10:1) encapsulating the fluorescent dye calcein as described previously [11] . Differential scanning calorimetry was performed using a PerkinElmer DSC7 calorimeter. Samples (approx. 10 mg) were analysed between 25 and 60
• C at a scanning rate of 5
• C/min as described previously by other authors [12] . Linoleic acid oxidation was performed using AAPH [2,2 -azobis(2-amidino-propane) dihydrochloride] as a free radical source. Oxidation was determined by an increase in absorption at 234 nm, which monitors the production of conjugated diene hydroperoxides (ε = 2.8 × 10 4 ) [13] .
Transmission electron microscopy
Leaves from five fully hydrated (100 % RWC) and five dry (5 % RWC) plants were cut into 4 mm 2 segments and were fixed in 2.5 % glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) supplemented with 0.5 % caffeine. Dehydration was performed using a graded ethanol series and specimens were infiltrated and then embedded in epoxy resin [14] . Sections were prepared using a Reichert Ultracut-S microtome after which they were stained with uranyl acetate and lead citrate [15] . Sections were viewed and photographed with a Zeiss EM 109 transmission electron microscope.
Quantitative and compositional analysis
Dehydrated and hydrated leaves were dissected longitudinally with a razor blade. One half was used to determine leaf RWC, whereas the other half was freeze-dried to a stable dry weight and then analysed for polyphenol content. The leaf material was homogenized in methanol/water (7:3) using a Polytron Homogeniser (Kinematica PT 2000) for 5 min after which the homogenate was sonicated (Bandelin Sonorex bath sonicator) for 5 min before being centrifuged (13 100 g for 5 min). The pellets were reextracted twice, the supernatants were pooled and the absorbance A 280 was determined. Aliquots (20 μl) were also analysed by HPLC. Selected fractions were collected, dried and analysed by MALDI-TOF-MS. Mild acid hydrolysis was performed using 2 M HCl at 80 • C for 30 min.
RESULTS
The purified polyphenol compound was assigned to be 3,4,5 tri-O-galloylquinic acid (Figure 2 ) from the 1 H and 13 C one-and two-dimensional NMR spectra. The 1 H-NMR spectrum displayed three singlets in the aromatic region, characteristic of the ortho protons of galloyl groups; the remaining proton signals were attributed to the methine and methylene protons of the quinic acid moiety ( Table 1 ). The assignment of the quinic acid spin system, H-2-H-6, was followed from the connectivities revealed by the COSY spectrum (Table 1) . Although the upfield methylene proton signals at 2.48 and 2.26 ppm may be due to the H-2's or H-6's, these protons could be assigned unambiguously to H-2ax and H-2eq respectively from chemical shifts and coupling data reported in the literature [16] . Analysis of the coupling patterns The galloyl rings were annotated A-C to enable proton and carbon atoms to be assigned from the NMR spectrum. Table 1 1 H-and of the protons and the determination of coupling constants for the well-resolved H-4 resonance established the relative stereochemistry of the methine protons in the quinic acid ring. Specifically, the large coupling between H-3 and H-4 ( 3 J H4-H3 = 9.2 Hz) confirm their diaxial orientation, whereas the smaller coupling between H-4 and H-5 ( 3 J H4-H5 = 3.2 Hz) was characteristic of axial-equatorial splitting [16] . Once proton assignments had been made, identification of the attached carbons followed directly from the HSQC experiment (Table 1 ). These ring carbon assignments were confirmed by the long-range couplings observed in the HMBC experiments (Table 1 ). H-2, H-5 and H-6 showed cross-peaks to the quaternary carbon signal at 74.59 ppm, which was assigned to C-1 of the quinic acid ring. The carbon signal at 177.96 ppm, not connected to any of the spin systems through the HMBC experiments, was ascribed to the carboxyl (C-7) of quinic acid in comparison with literature values [16, 17] .
The HMBC experiments also contained long-range couplings that linked the quinic acid and galloyl group spin systems. The cross-peaks were between the methine protons (H-3-H-5) of quinic acid and the resonances at 167.49, 167.01 and 167.49 ppm, which correspond to the carbonyl groups of the galloyl groups designated A, B and C respectively ( Figure 1 , Table 1 ). Identification of the galloyl rings followed from the long-range couplings that connect the carbonyl groups and their corresponding H-2 and H-6 resonances of the three galloyl groups. Full assignment of the remaining signals of the galloyl A, B and C groups followed from the H-2 and H-6 assignments and use of the HSQC experiment to identify the attached carbons and the HMBC experiments to assign the remainder of the ring carbons (Table 1) .
To confirm the identity of the purified polyphenol as 3,4,5 tri-O-galloylquinic acid, the purified polyphenol was subjected to mass spectral analysis using MALDI-TOF-MS to determine the mass of the parent compound. ESI-MS was also performed to show that the fragmentation pattern was consistent with the proposed structure (Figure 2 (Figure 2) . The m/z 247 ion was deduced to represent the doubly charged parent molecule with one of its galloyl groups cleaved at the labile ester between C-7 of a galloyl group and the C-3, C-4 or C-5 oxygen atom of the quinic acid moiety (Figure 2 ). The presence of these ions supported the prediction of a carboxylic acid group in the structure previously assigned from the signal at 177.96 ppm to the C-7 carboxyl carbon atom. Since the MS data were consistent with the structure assigned from the NMR spectra, we concluded that the proposed structure was indeed 3,4,5 tri-O-galloylquinic acid. Galloylquinic acid derivatives have been reported to be present in other plants. The ethyl ester of 3,4,5 tri-O-galloylquinic acid together with other quinic acid gallates have been reported to be present in Guiera senegalensis [18] , tetragalloylquinic acid has been reported to be present in Galphimia glauca [19] and gallotannins have been reported to be present in Lepidoptrys staudtii [20] . These compounds were determined to be galloylquinic acids from their 1 H and 13 C onedimensional NMR spectra and the fast atom bombardment mass spectra. However, no complete structure was assigned as twodimensional NMR spectral analyses were not performed.
The presence of additional polyphenols but in significantly lower abundance were observed during the isolation of 3,4,5 tri-Ogalloylquinic acid from the leaves of M. flabellifolius (Figure 1 ). To investigate these polyphenols, total polyphenol extracts were subjected to HPLC analysis and selected fractions were analysed by MALDI-TOF-MS. This showed that the polyphenols eluted from the HPLC column in the order of increasing molecular mass with masses at m/z 647, 786, 799, 936, 951, 1103, 1255, 1407, 1570 and 1722 (all + − 1 Da) being observed ( Table 2) . Since the cleavage mass of the galloyl ion is m/z 152, this series at approx. 152 Da intervals suggested multiple galloylation of 3,4,5 tri-Ogalloylquinic acid with the ions at m/z 647, 799, 951, 1103, 1255 and 1407 deduced to represent the tri-to octa-galloylquinic acids respectively, although the peaks with masses of 1103, 1255 and 1407 Da were present in low abundance. The latter two masses of 1570 and 1722 Da were interpreted to be ellagic acid tannins derived from hexa-and hepta-galloylquinic acids respectively brought about by the oxidative addition of gallic acid moieties [16] . This was confirmed by mild acid hydrolysis of the total polyphenol extract. This resulted in gallic acid together with 3,4,5 tri-O-galloylquinic acid as the major hydrolysis products (results not shown). The depside ester bonds of the gallic acid polyester chains have been reported [17] to be more labile to hydrolysis than the quinic-gallic ester bonds and thus the core molecule would remain largely intact after mild acid hydrolysis. We therefore consider that the chief polyphenol found in M. flabellifolius is 3,4,5 tri-O-galloylquinic acid and that, in addition, a number of higher molecular mass gallic acid polyesters are present, but at markedly lower concentrations. These are due to multiple galloylation of the central 3,4,5 tri-O-galloylquinic acid core.
Quantitative analysis of total leaf polyphenols was undertaken to determine whether a difference in polyphenol content existed between fully hydrated (96.4 + − 2.0 % RWC) and dehydrated (12.71 + − 5.47 % RWC) leaves (Table 3) . Hydrated leaves were found to contain 44.3 + − 11.9 % (g/g dry wt −1 ) of 3,4,5 tri-O- galloylquinic acid. This increased to 73.6 + − 9.6 % for desiccated leaves suggesting a possible role for these compounds in protection against desiccation stress in M. flabellifolius. Since polyphenols have been shown to protect membranes against desiccation [21,22], we investigated whether 3,4,5 tri-O-galloylquinic acid would protect a model membrane system against desiccation. Various quantities of this compound were therefore added to liposomes made from phosphatidylcholine and cholesterol encapsulating the fluorescent dye calcein, before the liposomes were subjected to desiccation and subsequent rehydration. We found (Figure 3 ) that the addition of 3,4,5 tri-O-galloylquinic acid indeed protected liposomes against desiccation with a maximum protection observed at a polyphenol/phospholipid ratio of 1 (w/w). Lowering or increasing the polyphenol/phospholipid ratio resulted in decreased protection being observed. In contrast, the addition of equivalent concentrations of gallic acid to the liposome preparation resulted in no protection being observed (Figure 3) . Similar results demonstrating maximum protection at low concentrations of the polyphenol with no protection being observed at higher concentrations were reported for arbutin (4-hydroxyphenyl-β-glucopyranoside) binding to liposomes containing monogalactosyldiacylglycerol [22] . It has been reported [23] that arbutin is present in significant quantities in M. flabellifolius, although we were not able to detect any trace of this compound. The addition of arbutin to our liposome preparation resulted in no protection being observed (Figure 3 ). This result agrees with previous work that demonstrated that the addition of arbutin to liposome preparations only resulted in protection against desiccation when the chloroplast lipid monogalactosyldiacylglycerol was present [22] . We next investigated why maximum protection of liposomes by 3,4,5 tri-O-galloylquinic acid was observed at a polyphenol/phospholipid ratio of 1 (w/w), but that increasing the ratio above 1 resulted in decreased or no protection being observed. This was found not to be due to liposome disruption, since the addition of 3,4,5 tri-O-galloylquinic acid up to a ratio of 6 did not result in calcein leakage (results not shown). The interaction between 3,4,5 tri-O-galloylquinic acid and liposomes was next investigated by the addition of increasing quantities of 3,4,5 tri-O-galloylquinic acid to the liposome preparation, after which the liposomes were pelleted by centrifugation and the 3,4,5 tri-O-galloylquinic acid concentration in the supernatant fraction was determined spectrophotometrically. Buffer without liposomes was used as a control. We found (Figure 4 ) that the addition of 3,4,5 tri-O-galloylquinic acid to the liposome preparation at low ratios, namely 1 and 2, resulted in no polyphenol being present in the supernatant fraction, suggesting that it was all bound to the liposomes. Increasing the ratio to 3 resulted in some polyphenol to be present in the supernatant fraction, suggesting that the saturation of the liposome preparation had occurred. A further increase to a ratio of 4 resulted in a significant increase in the concentration of 3,4,5 tri-O-galloylquinic acid in the supernatant with the concentration tending towards that present in solution in the absence of liposomes. A further increase to a ratio of 5 resulted in the supernatant concentration being indistinguishable from that in the absence of liposomes. Interestingly, these results match the data on the protection of liposomes against desiccation by 3,4,5 tri-O-galloylquinic acid (Figure 3) . The binding of 3,4,5 tri-O-galloylquinic acid to liposomes was analysed by extrapolation of the data at low (0-2) 3,4,5 tri-O-galloylquinic acid/phosphatidylcholine ratios and comparing this to the data obtained in the absence of liposomes. Assuming that the initial interaction between 3,4,5 tri-O-galloylquinic acid and phosphatidylcholine occurred in the ratio of 2:1, this analysis suggested Since 3,4,5 tri-O-galloylquinic acid protected liposomes against desiccation, we next investigated whether the presence of 3,4,5 tri-O-galloylquinic acid affected the temperature of the phase transition between the liquid crystalline and the gel phase. Since differential scanning calorimetry data have been reported to be difficult to interpret for desiccated liposomes [24] , only hydrated liposomes were used. The first derivative of the plot of heat flow as a function of temperature for hydrated liposomes ( Figure 5) showed an event that occurred at 46
• C. A similar value for liposomes prepared from phosphatidylcholine and cholesterol was reported in a previous study [25] . Addition of 3,4,5 tri-O-galloylquinic acid at a ratio of 1 (w/w) to the liposome preparation resulted in no event being detected between 25 and 60
• C suggesting that 3,4,5 tri-Ogalloylquinic acid abolishes the phase transition, an effect observed for liposomes containing high percentages of cholesterol. the concentration of the linoleic acid, resulted in a reduction in the rate of linoleic acid oxidation by approx. 95 %. Ascorbic acid is a well-known reducing agent in many tissues, and n-propyl gallate is commercially used as an antioxidant. Therefore we compared the inhibition of AAPH-mediated oxidation of linoleic acid brought about by ascorbic acid and n-propyl gallate with that observed for 3,4,5 tri-O-galloylquinic acid. We found that equivalent molar concentrations (13.8 μM) of ascorbic acid and n-propyl gallate were less effective antioxidants when compared with the same molar concentration of 3,4,5 tri-O-galloylquinic acid with the AAPH-mediated oxidation of linoleic inhibited by 58 + − 4 and 40 + − 0.5 % respectively compared with 98.3 + − 0.6 %. The inhibition mediated by an equivalent molar concentration of gallic acid was also investigated and found to be 29.4 + − 2 %. This clearly demonstrated that 3,4,5 tri-O-galloylquinic acid is a far better antioxidant than the other known antioxidants tested and suggested that the redox potential of this compound is markedly more positive than that of linoleic acid. To confirm that the redox state of the 3,4,5 tri-O-galloylquinic acid changed as a result of AAPH-induced oxidation, the spectrum of 3,4,5 tri-O-galloylquinic acid was determined in the presence and absence of AAPH ( Figure 6 ). This showed that the absorbance in the region 450-500 nm was markedly reduced by AAPH, which we interpreted to demonstrate that 3,4,5 tri-O-galloylquinic acid protected linoleic acid against oxidation by itself becoming oxidized. To determine the location of the polyphenols within M. flabellifolius leaves, an ultrastructural investigation was performed using transmission electron microscopy after fixing the tissue with glutaraldehyde and caffeine. Caffeine has been reported to precipitate polyphenols at their cellular location [26, 27] . We observed that polyphenol-caffeine complexes occurred within a central vacuole in pallisade and spongy mesophyll cells in both hydrated and dehydrated leaves ( Figures 7A and 7B) . In hydrated leaves, the polyphenols occupied only a small proportion of the vacuole, whereas in dry leaves they filled the entire vacuolar space. In this capacity they could interact with and stabilize the tonoplast in the desiccated state. The replacement of water in vacuoles with proteins and compatible solutes has been proposed [28, 29] as a mechanism for the prevention of mechanical injury [30] during desiccation.
DISCUSSION
In the present study, we have identified the main polyphenol constituent of M. flabellifolius leaves to be 3,4,5 tri-O-galloylquinic acid. In addition, smaller quantities of higher molecular mass gallic acid polyesters were also present, the result of multiple galloylation of the central 3,4,5 tri-O-galloylquinic acid core. These compounds are collectively present in very high concentrations; almost half the dry mass of hydrated leaves and approx. three-quarters of the dry mass of desiccated leaves is due to the presence of these compounds.
Electron microscopy demonstrated that the polyphenols are present in the leaf pallisade and spongy mesophyll cell vacuoles in both hydrated and dehydrated leaves. Mechanical stabilization, by replacement of water in vacuoles with compatible solutes during dehydration, has been reported to occur in other resurrection plants [28, 29] and it is possible that 3,4,5 tri-O-galloylquinic acid plays a similar role in M. flabellifolius. These compounds absorb UV light with the maximum molar absorption coefficient of 2.5 × 10 5 observed at 280 nm (J. P. Moore, G. G. Lindsey and W. F. Brandt, unpublished work). Therefore a role for the absorbing light thereby preventing UV-induced free radical damage may also be inferred.
The results presented here suggest that 3,4,5 tri-O-galloylquinic acid interacts with membranes in two ways. Its one role is to protect membranes against desiccation by presumably intercalating into the lipid bilayer and reducing the T m of the transition between the liquid crystalline and the gel phases. Such a behaviour, which has been reported to occur for the polyphenol arbutin [31] , allows successful desiccation and subsequent rehydration to occur. Whereas arbutin has been shown to have a specific lipid requirement in the target membranes, the liposomes used in this study comprised only egg yolk phosphatidylcholine and cholesterol suggesting a non-specific interaction of 3,4,5 tri-O-galloylquinic acid with membranes. The other suggested role is to protect membranes against free radical-induced damage. This would be an important property since the antioxidant status of M. flabellifolius has been shown to correlate with the duration of viability of the plant in the desiccated state [32] . The results reported in this study agree with that of other authors who have shown gallotannins to be potent antioxidants [27, 33] . Our results indicated that using the oxidation of linoleic acid as a model system, 3,4,5 tri-O-galloylquinic acid displays significantly greater antioxidant properties when compared with ascorbic acid and the commercially used n-propyl gallate as well as gallic acid itself.
Since only very low relative concentrations of 3,4,5 tri-Ogalloylquinic acid are required for it to act as an antioxidant protecting unsaturated lipids and since the activity observed in protecting liposomes against desiccation only occurred over a limited concentration range, we would postulate that the M. flabellifolius cells must display some mechanism for concentrationdependent release and sequestration of the polyphenol. This might depend on the solubility equilibrium between the soluble and insoluble states, which might be influenced by the metabolic status of the plant affecting parameters such as the intra-vacuolar pH as well as the presence of metal ions. We are currently investigating whether such mechanisms control the effective biological concentration of 3,4,5 tri-O-galloylquinic acid in the cell.
An extract of M. flabellifolius leaves has been reported to be used by indigenous people in Namibia as an aid in wound healing and to treat asthma and general chest ailments [8] . In keeping with this, gallotannins are known for their anti-burn properties [34] and galloylquinic acids have been identified as possessing high activity against bronchial hyper-reactivity and allergic reactions [19, 34] . A group of galloylquinic acids has also been shown to display anti-HIV RT (reverse transcriptase) and anti-HIV activity [20, 35] . The RT inhibition by galloylquinic acids correlates with the difficulties encountered using Molecular Biology techniques, e.g. RT-PCR, to study this plant [7] . Experiments are currently being performed to investigate this.
